We evaluated normal plantar pressures and studied the effect of weight, cadence, and age on forefoot plantar pressures in healthy subjects by using the Biofoot (Instituto de Biomecánica de Valencia, Valencia, Spain) in-shoe measurement system.
Plantar pressure measurements can be used to evaluate potential risk factors for diabetic foot ulceration, 1 to design footwear, 2 to evaluate the effect of foot orthoses, 3 to determine specific loading patterns, 4, 5 and to evaluate determinants of plantar pressure at the foot. [6] [7] [8] [9] [10] Several studies 4, 5, 8, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] have attempted to establish a baseline normal pressure-distribution pattern for comparison with pathologic gaits. These studies have consistently shown that during normal gait, lower peak plantar pressures are located at the fourth and fifth metatarsal heads. However, in walking conditions, higher peak plantar pressures have been reported at the hallux, first, second, and third metatarsal heads with no agreement regarding the location of the highest values in the normal and pathologic forefoot. In addition, most of these studies 4, 5, 8, 10, 11, 15, 17, 20, 21 were performed with barefoot (as opposed to shod) subjects, which could distort the real loading pattern during shod gait.
At the same time, several studies [6] [7] [8] [9] [10] have used a regression analysis approach to determine a range of structural and functional variables to better explain plantar pressures in healthy individuals, diabetic patients, and older people. These studies have provided useful insights into the factors that determine pressure distribution under the foot. However, despite the many independent variables used, only a few have been shown to be associated with plantar loading patterns at specific locations. In addition, the contribution of some factors, such as weight and walking speed, are not well understood. Univariate and multivariate studies [8] [9] [10] [17] [18] [19] [20] have shown controversial results regarding weight and plantar pressures in the forefoot. Whereas some studies 8, 10, 17 have shown a relationship between weight and plantar pressures, others 9, 19, 20 have found little or no correlation between these variables. At the same time, some authors 21, 22 have shown that plantar pressure distribution depends on walking speed, but the changes in load pattern at specific locations are not clear. It is believed that faster walking is associated with increased plantar pressures in the medial forefoot, 22 which is thought to be associated with a more pronounced pronation motion with faster walking 21 ; in the central and lateral forefoot 10 ; and in all of the forefoot. 23 In addition, one multivariable study 8 did not find walking speed to be a determinant of forefoot pressure in diabetic patients and controls.
The consistency of the measurement technique is important when evaluating plantar pressures because many factors may affect plantar pressure measurements. With the advent of microcomputer technology, in-shoe sensors that minimally interfere with foot function have been developed. These in-shoe devices permit pressure measurement during walking and running in the shod condition. In addition, measurement of pressure at the foot-shoe interface gives more realistic data regarding the plantar pressures of subjects during daily activities, which permits clinicians to draw conclusions regarding what areas of the foot are under greater pressure in shod conditions. One of these new systems is the Biofoot (Instituto de Biomecánica de Valencia, Valencia, Spain). It is composed of two thin (0.7-mm) and flexible polyester insoles with 64 piezoelectric sensors each, allowing for dynamic plantar pressure measurements between the shoe-foot interface. Insoles are connected to an amplifier device that is fixed to the subject's waist, and the data are sent by digital telemetry to the computer by the amplifier. The digital telemetry system has a reach of 200 m, which permits the subject to walk without restrictions and to record measurements in the sports field. The system allows measurements at a sampled rate of 50 to 250 Hz. It has been used to analyze plantar pressures with different shoes and inserts, 24 insoles, 25 and surgical treatments. 26 The aims of this study were to 1) investigate pressure pattern distributions in normal feet through use of the Biofoot in-shoe pressure measurement system; 2) identify the role of cadence, weight, and age as predictors of peak and mean pressures in the forefoot during walking; and 3) assess the reliability and repeatability of the Biofoot system.
Materials and Methods

Subjects
The study group consisted of 45 healthy volunteers. All subjects were screened by means of interview and physical examination for obvious foot or gait abnormalities. Subjects were excluded from the study if they had any of the following exclusion criteria: 1) structural arch deformities, such as pes planus or pes cavus; 2) structural forefoot deformities, such as hallux valgus, hallux limitus, or semirigid/rigid claw toe deformities; 3) a history of foot or lower-limb pain or abnormalities during the past 12 months; 4) diagnosed neurological disturbances; and 5) diabetes. Following the Declaration of Helsinki (Edinburgh), and with the approval of the Bioethical and Human Research Committee of the University of Extremadura, written consent was obtained from all of the participants after verbal and written explanations of the project. Anthropometric data (weight and height) were recorded before data collection.
Equipment
The BioFoot in-shoe system consists of thin (0.7-mm) and flexible polyester insoles with 64 piezoelectric sensors each (Fig. 1) . The sensors are distributed according to the physiologic features of the foot such that more sensors are placed under bony areas, where pressures tend to be high, mainly on the forefoot. Insoles were available in different sizes, permitting good adjustment to the shoe interface. Data acquisition was sampled at a rate of 100 Hz, which is ideal for walking measurements. 27 Data were collected and stored in a computer using digital telemetry and were processed with software that shows the parameters of peak and mean plantar pressure. The system unit used was the kilopascal (1 kPa = 1/98 kg/cm 2 ).
Procedure
To avoid differences in personal footwear, all of the subjects wore the same type of medical shoes (Zale; Zuecos Anatómicos de Levante SL, Alicante, Spain) during the data-collection process. All of the shoes had a wide toe box, with Velcro hook and loop fastener (Velcro USA Inc, Manchester, New Hampshire) adjustment at the top and a heel height of 2.5 cm. The soles of the shoes were tested with a durometer and had a hardness of 80 Shore A. Several shoe sizes (European sizes 38-46 and US sizes 7 1 /2-12) were available to account for differences in foot sizes. All of the measurements were taken in a 40-m corridor, which resents the average of the trial of that patient for the peak and mean plantar pressures for each location.
To calculate the repeatability of the system, the protocol described in the previous paragraphs was repeated three times, with 15 to 30 min between each measurement. A second session was conducted 7 to was long enough to allow a consistent gait cycle speed. The pressure insoles were placed inside the shoes in the shoe-foot interface. The subjects fastened the shoes with the Velcro adjustment as they would normally, and they were allowed to familiarize themselves with the testing procedure by walking at their self-paced normal walking speed for approximately 3 to 4 min. After that, a software program was initiated, and the insoles were calibrated according to the manufacturer's instructions. Recording measurements were taken in one trial of 8 sec. The measurement was recorded when the subject was in the middle of the corridor and reached a natural cadence, avoiding the beginning and the end of the walk. Five to seven steps were recorded for each foot to provide a sufficiently high coefficient of reliability for plantar pressures. 28 The Biofoot program also calculated the cadence of the subjects during those steps.
To analyze the forefoot pressure distribution, plantar pressures were divided into major areas by creating seven masks corresponding to the first through fifth metatarsal heads, the hallux, and the second through fifth toes (Fig. 2) . Three variables were calculated for each location: cadence, peak pressure, and mean pressure. Peak pressure was defined as the greatest pressure in each location measured in a single step. Mean pressure was defined as the average of all sensors in a location for a single step. All of the variables were calculated for each step and then were averaged over the five to seven steps captured for each subject, which created a new variable that rep- 
Statistical Methods
Although right and left foot plantar pressures tend to be symmetrical for the same subject, some asymmetries have been found between the left and right feet for plantar pressures in the forefoot region. 29 For that reason, data were recorded bilaterally for the 45 subjects, and 90 feet were used for the analysis and hypothesis testing. Results of peak and mean pressure measurements are expressed as mean ± SD in the selected locations. Weight, cadence, and age were entered as independent variables into a multiple regression analysis to predict peak and mean pressures in the five metatarsal heads, the hallux, and the lesser toes, which were used as dependent variables. The three variables were entered, and multiple regression analysis was performed by using the "backward elimination" method. Initially, multiple regression analysis was performed with the three variables, and the least significant variable was dropped from the model if: 1) the overall P value (for the F value) was less than 0.05, 2) the individual P value (based on the t value) was less than 0.05, and 3) the variable tested 5% or more of the variance (R 2 ) of the model. The procedure terminated when the variables remaining in the model provided a significant contribution to the prediction of the dependent variable. A Pearson correlation (r) was also performed between the independent and dependent variables to assist in interpretation of the results. To assess the intrarater reliability of measurement for pressure variables, intraclass correlation coefficients (ICCs), a two-way mixed-effects model, and absolute agreement definition were calculated from the three trials of each session. To compare values obtained between two sessions, the coefficient of variation, defined as the ratio of the standard deviation to the mean, was also calculated. It shows the dispersion of the mean, expressed as a percentage. The significance level was set at 5% (P < .05). Statistical analysis was performed with SPSS version 12.0 (SPSS Inc, Chicago, Illinois).
Results
The mean ± SD age and weight of the 45 subjects (22 men and 23 women) was 31.02 ± 10.04 years (range, 18-55 years) and 71.68 ± 13.32 kg (range, 52-110 kg), respectively. The mean ± SD cadence was 105.7 ± 8.46 steps/min. The mean ± SD contact time was 0.81 ± 0.09 sec for the left foot and 0.81 ± 0.08 sec for the right foot. The t test showed no differences between right and left foot contact times (P = .448). Table 1 summarizes the mean ± SD peak and mean plantar pressure values obtained from the average of the steps of the 90 feet.
Results of multivariate regression analysis showed that 15% of peak plantar pressure at the first metatarsal head was accounted for by weight (P < .001) ( Table  2 ). Cadence and weight combined explained 18% and 23% of peak plantar pressure at the second and third metatarsal heads, respectively (P < .001 for the overall model in both cases). Age and weight explained 15% of peak plantar pressure at the fourth metatarsal head (P = .001), and age was the only factor associated with the fifth metatarsal head, accounting for 9% of its variability (P = .005). None of the three variables could explain any of the variation in the hallux and lesser toes. Results of multivariate regression analysis for mean plantar pressure were similar but with different coefficients of variability (Table 2) . Weight accounted for 17% of the mean plantar pressure at the first metatarsal head (P < .001). Cadence and weight combined explained 24% and 16% of the mean plantar pressure at the second and third metatarsal heads, respectively (P < .001). Age and weight combined explained 13% of the mean plantar pressure in the fourth metatarsal head (P = .002), and age was the only factor associated with fifth metatarsal head mean pressure, accounting for 6% (P = .020). None of the three variables could explain any of the variation in the hallux and lesser toes.
The ICC (r) values obtained from three trials in the same subject and the coefficient of variation between the sessions of all regions of the forefoot are summarized in Table 3 . For the variables tested in the forefoot, the ICCs ranged from 0.76 to 0.96. Mean ICCs for peak and mean pressure were 0.815 and 0.905, respectively. The mean coefficient of variation was 7.2% for peak pressure measurements and 6.1% for mean pressure measurements.
Discussion Reliability
There are two types of plantar pressure measurement systems on the market: pressure platforms and inshoe systems. In most cases, comparison of data recorded by the two systems provides good evidence of the accuracy and reliability of temporal measurements (peak and mean pressures). 30 In-shoe systems are likely to be preferred when the greatest accuracy and repeatability are desired. 31, 32 The present findings show very good results for the coefficients of reliability of the Biofoot in-shoe system. The r values of ICCs greater than 0.75 indicate very good reliability, 33 and Murphy et al 34 consider an ICC between trials of greater than 0.80 to be excellent. The present study shows excellent reliability in all of the metatarsal heads, which are greater than 0.80 for peak and mean plantar pressures. In the hallux and lesser toes, coefficients were approximately 0.77. Peak plantar pressure has been shown to be slightly less reliable in all regions of the forefoot than mean pressure. Because of the variability associated with gait and because peak plantar pressure represents the highest value during a single step, it is logical to assume that it would be less reliable than mean plantar pressure, which represents the average of plantar pressures during the whole step. This was true for all locations in the forefoot, although the difference was very low ( Table 2 ). Coefficient of variation presents a minor difference between sessions, showing very good repeatability. So, the present study provides a reliable and representative reference data set for plantar pressures measured with an in-shoe system at a medium cadence (91-110 steps/min). Note that to attain that level of reliability it is necessary to control gait velocity and average multiple strides. In this study, we instructed the subjects to walk at a constant speed down the corridor, which was long enough to permit the subjects to achieve a constant speed during the trial. Hallux None
Lesser toes None
Abbreviation: MTH, metatarsal head. Note: All of the variables were entered into the model using the "backward elimination" method. 
Plantar Pressure Distribution
The present study shows some differences in pressure distribution between peak and mean plantar pressure measurements. The highest peak plantar pressures were in the second and third metatarsal heads.
The lowest values were in the fifth metatarsal head and the lesser toes. The highest mean plantar pressures were in the second, third, and first metatarsal heads. The lowest values were for the lesser toes and the fifth metatarsal head. The present findings are in accordance with the existing pressure data, with some differences. Regarding the metatarsal heads, most studies 5, 8, 10, 15, 17, 21 agree that the second and third metatarsal heads have higher values than the first metatarsal head in healthy people, which is in accordance with the present results. However, discrepancies exist regarding hallux pressures. Some studies 5, 20 have pointed to the hallux as having the highest peak plantar pressures in the forefoot. Other studies 17, 21 have found peak plantar pressures to be higher in the hallux than in the first metatarsal head, and a couple of studies 8, 9 of people with diabetes reported peak plantar pressures in the hallux to be the lowest of the forefoot. In the present study, the second, third, and first metatarsal heads achieved the highest peak plantar pressures; the hallux was the next location with higher peak plantar pressures followed by the fourth and fifth metatarsal heads and second to fifth toes. These differences could be attributed to the shod condition of this study compared with the unshod condition of the studies mentioned previously herein. The effect of heel elevation could be responsible for the increase in first metatarsal head peak pressure and the decrease in hallux peak pressure. Independent of this, from the literature and the present results it seems that in the forefoot, the second and third metatarsal heads have the highest values, and not the first metatarsal head, as could be supposed from its anatomical configuration. This pattern seems to be the "standard" pressure distribution in the forefoot for healthy subjects. 5
Plantar Pressure Determinants
Several factors have been shown to affect foot pressures, including age, walking speed, weight, terrain, and footwear. 6-10, 16, 21-23, 35-38 Weight is probably one of the most controversial factors affecting plantar foot pressures. In this study, weight emerged as an independent predictor for the first, second, third, and fourth metatarsal heads for peak and mean plantar pressures and not for the hallux, fifth metatarsal head, and lesser toes. However, the variability explained by weight is low, accounting for only 10% to 15% of the plantar pressures in the metatarsal heads. These results add some specific information about the effect of weight on plantar forefoot pressures to the existing literature. Hills et al 17 showed that increased body weight was related to higher peak plantar pressures in standing and walking. However, Birtane and Tuna 20 did not find a correlation between body mass index and forefoot plantar pressures dynamically, and Cavanagh et al 19 showed a poor correlation (r = 0.37) between body mass and peak plantar pressures. The multivariate studies that use weight as the independent variable have also shown controversial results. Weight has been shown to be a determinant in peak plantar pressures only in the first metatarsal head of control subjects, 8 although in older people it has been shown to be a determinant in the peak plantar pressures of the first through fifth metatarsal heads. 10 Mueller et al 8 found body weight to be a determinant of peak plantar pressures in the hallux and first and second meta-tarsal heads of patients with diabetes, whereas Payne et al 9 found weight to be a predictor of the pressuretime integral in only the heel of patients with diabetes and not in the forefoot. From these findings and the results of the literature, it seems that weight could be considered a predictor of forefoot plantar pressures in healthy people, although the variability explained is low, and its effect could be more pronounced in the medial metatarsal heads than in the lateral metatarsal heads. So, although it has some effect, weight seems to play a secondary role regarding peak plantar pressure in the metatarsal heads. In this study, weight accounted for a low percentage of variability in peak and mean plantar pressures. These results are in accordance with those of Cavanagh et al 19 and Menz and Morris, 10 suggesting that weight accounts for a low percentage (10%-15%) of peak plantar pressures. The results for the hallux and lesser toes are in accordance with those of other studies showing that hallux pressure is not dependent on weight. Walking speed has been found to be a substantial factor in determining plantar peak pressures. Zhu et al 23 found that increased cadence reduced contact times and increased peak plantar pressures in all of the studied areas. In three studies, 10, 21, 22 faster walking resulted in higher pressures, especially under the medial forefoot, which has been related to a more pronounced pronation motion with faster walking. 21 So, it would be expected to have an increase in peak plantar pressure in high-cadence subjects. Contrary to this, cadence seemed to be an independent predictor of peak and mean plantar pressures at the second and third metatarsal heads, with a negative effect over those variables. The Pearson correlation coefficient showed poor inverse correlation at these locations (r = -0.38, P = .010 for the second metatarsal head and r = -0.29, P = .047 for the third metatarsal head). These results suggest that low-cadence walking is associated with increased peak and mean plantar pressures, but the reason for that is not clear. A possible explanation could be related, that with low cadences, the periods of the stance phase get longer, especially the propulsive period. As the propulsive period gets longer, weight concentrates on the forefoot, especially at the second and third metatarsal heads, for a more prolonged period, which could explain the effect of low cadence on plantar pressures at these locations. Other possible scenarios could be related to the fact that increased plantar pressures under the second and third metatarsal heads could cause the patient to walk at a low cadence in an attempt to adapt for the impact forces received, as proposed by various researchers. [39] [40] [41] [42] However, the impossibility of establishing a cause-effect relationship from the transversal design of this study makes it difficult to give a clear answer regarding this phenomenon. Despite this, its contribution to peak plantar pressure seems to be low, with a small percentage of the variance explained by the cadence factor at the second and third metatarsal heads. Cadence did not emerge as a predictive factor for the other locations in the forefoot (first, fourth, and fifth metatarsal heads; hallux; and lesser toes).
In the present study, age was a significant independent predictor of fourth and fifth metatarsal head peak and mean plantar pressures, explaining a very low variability in plantar pressures. From the literature, it seems that age does not exert a direct effect on plantar pressures except in children and older people. 10, 13 Because the present study did not consider these populations, age was expected to have a minimal effect on plantar pressures.
The present study shows very similar results among the independent predictive variables for peak and mean plantar pressures. Most of the systems currently available calculate parameters of peak plantar pressure, mean plantar pressure, and the pressure-time integral. Peak pressure has been chosen as the primary variable in most studies, probably because it has been shown that abnormal peak pressure exists at the site of tissue damage in neuropathic feet. However, mean pressures are more related to cumulative loading, but their role is still not clear in foot abnormalities. More studies are needed to clarify the effect of both variables in foot disorders.
Limitations of the Study
This study has some limitations, and its results should be used cautiously. Shoes and terrain 36 have a great effect in plantar pressures in all areas of the foot. In the present study, each subject used the same style of medical shoes, with 80 Shore A of sole, and walked along a straight corridor, which eliminated terrain and shoe differences. However, it has been shown that shoes significantly reduced plantar pressures in patients with diabetes, 43 control patients, and older people. 22 This may have affected the results, with a lowering of all of the absolute values measured. Another possible bias is that there are 45 subjects and 90 feet, and this could affect the independence of the sample investigated. 44 At the same time, subjects were classified as healthy based on the presence of any gross digital deformity and structural deformity, such as pes planus or pes cavus. The present study is based only on normal-arched subjects, so the results cannot be extrapolated to other arch configurations and to other subjects. Subjects in this study were pain free at the time of the study, and because of the transverse design, we do not know whether the distribution of the pressures and the variables analyzed could be considered physiologic in the long run.
Conclusion
Using the Biofoot in-shoe system, we found greater peak and mean plantar pressure values at the second and third metatarsal heads in healthy subjects. Weight, cadence, and age explain a low variability in this pressure pattern. Weight has been shown to be an independent predictor for the first, second, third, and fourth metatarsal heads, although the variability explained is low. Cadence has an inverse effect as a determinant of peak and mean plantar pressures on the second and third metatarsal heads. At the same time, the Biofoot in-shoe system has been proved to have good accuracy, reliability, and repeatability. This study may be the first step toward evaluating the effect of different variables in plantar pressures when using the Biofoot in-shoe system. We investigated only the effects of age, cadence, and weight. Further studies assessing the effects of increasing speeds, terrain, and high-heeled shoes could provide interesting results in normal and pathologic feet.
